A mouse monoclonal antibody (MAb) to dengue 4 (DEN-4) virus reacted with the antigen in the nucleus as well as in the cytoplasm of DEN-4-infected mammalian and mosquito cells, as demonstrated by the peroxidase-antiperoxidase staining method. The intranuclear antigen appeared to accumulate at the nucleoli, forming spots, whereas the cytoplasmic antigen appeared to be localized mainly in large perinuclear loci in the infected cells. The MAb-reactive antigen was produced in the presence of actinomycin D, which caused the accumulation in the nucleus to be altered to a dispersed pattern. Radioimmunoprecipitation analysis of [35S]methionine-labelled purified virions and Western blot analysis of the antigens prepared from the infected mammalian and mosquito cells showed that the MAb was directed against the DEN-4 virus core protein (M~ 15-5K). These results indicated that the DEN-4 virus core protein was partially transported, soon after its synthesis in the cytoplasm, into the nucleus and accumulated at the nucleoli.
INTRODUCTION
Flaviviruscs, which include yellow fcvcr, Japanese encephalitis (JE) and dengue (DEN) viruscs, can rcplicatc in a widc variety of culturcd cells of vcrtcbratc and arthropod origins (Brinton, 1986) . Flavivirus-spccificd protein and RNA synthcsis, in addition to virion asscmbly, occur in the pcrinuclcar region of the infected cells (Wcstaway & Ng, 1980; Ng et al., 1983) . It is generally acknowledged that thcrc is no specific nuclcar involvcmcnt in the flavivirus replication (Brinton, 1986) . Howcvcr, conflicting results have bccn obtained, showing that enuclcatcd cells failed to. support JE virus replication (Kos et al., 1975) , whereas electron microscopy revealed the cxistcncc of subviral particles in thc nucleus of JE virus-infected cells (Yasuzumi et al., 1964) . Thcsc results raisc spcculation as to whether thcrc is any involvcmcnt of the nucleus in flavivirus replication. Furthermore, a recent study has shown that a virusspecificd antigen was dctcctcd in the nucleus of ccUs infccted with Zika or Langat virus, using monoclonal antibodics (MAbs) against thc cnvclopc glycoprotcin of Wcst Nile virus or the nonstructural NSI glycoprotein ofycllow fcvcr virus (Buckley & Gould, 1988) . In these experiments however, virus-specified antigen was not detected in the nuclei of cells infccted with the homologous West Nile virus or yellow fever virus.
This paper reports on a MAb to the DEN-4 virus, which rcactcd with thc viral core protein in the nucleus as well as in the cytoplasm of infected mammalian and mosquito cells.
METHODS

Viruses.
The DEN and JE viruses used were the prototype DEN-1 (Hawaiian), DEN-2 (New Guinea B), DEN-3 (H-87), DEN-4 (H-24!) and JE (Nakayama) strains. They were prepared from 10~o suckling mouse brain (SMB) homogenate and stored at -70 °C until used.
Cells. Vero, BHK-21 and LLC-MK 2 cells were grown in Eagle's MEM containing 10~ foetal calf serum (10FEME). The Aedes albopictus cell line (clone C6/36) (Igarashi, 1978) was grown at 28 °C in 10FEME containing 0.1 mM non-essential amino acids. These cells were maintained in the same medium except that foetal calf serum (FCS) was decreased to 2 ~. Mouse myeloma cells, SP2/0-Ag4 (Shulman et al., 1978) , were grown in Dulbecco's MEM containing 10~ FCS (10FDMEM) and 0.1 mM-8-azaguanine.
Fusion experiment. The method described by Dittmar et al. (1980) was employed with modifications. Spleen cells of mice immunized with DEN-4-infected SMB homogenate were fused to SP2/0-Ag4 cells with polyethylene glycol 4000 and dimethyl sulphoxide (Nakarai Chemicals). Hybridoma cells were selected in HAT medium and antibody-producing cells were screened by the peroxidase-antiperoxidase (PAP) staining method described below. Specific antibody-producing hybridoma cells were cloned by a soft agar technique (Kennet et al., 1978) . Cloned cells were injected intraperitoneally into pristane-primed mice and MAb-rich ascitic fluids were harvested.
PAP staining method. The method described by Okuno et al. (1979) was employed with modifications. BHK-21 cells infected with DEN-4 were incubated for 2 days at 37 °C. They were fixed with methanol for 10 min at room temperature and washed twice with phosphate-buffered saline (PBS). The fixed cells were allowed to react with either MAbs or anti-DEN-4 hyperimmune mouse ascitic fluid (HMAF), followed by anti-mouse immunoglobulin (rabbit; Dako), anti-rabbit IgG (sheep; Cappel), PAP complex (rabbit; Jackson Laboratories) and substrate (0-3 mg/ml of 3,3'-diaminobenzidine and 0-01 ~ H202). The incubation period of each reaction was 30 min at 37°C. The cells were observed under the microscope.
Effect of actinomycin D on the distribution of DEN-4-specified antigen. Veto ceils were infected with DEN-4 virus at an m.o.i, of 1 and incubated for 2 h at 37 °C. Then they were washed once with PBS and refed with maintenance medium containing various concentrations (1.0, 0-2, 0.04 and 0.008 ~tg/ml) of actinomycin D (Sigma). The cells were cultured for 24 h at 37 °C and then stained by the PAP method.
Radioimmunoprecipitation analysis. Veto cells were infected with DEN-4 virus at an m.o.i, of 1 and incubated for 2 days at 37 °C. The culture medium was then replaced with methionine-free medium but supplemented with 20 ~tCi/ml of [35S]methi0nine (400 Ci/mmol, New England Nuclear) and further incubated for 4 days. The culture fluid was harvested and clarified by low speed centrifugation. The supernatant was centrifuged at 100000 g for 90 min at 4 °C. The resulting virus pellet was resuspended in a small amount of NTE buffer (130 mM-NaC1, 50 mM-Tris-HC1 pH 7.8, 1 mM-EDTA), applied to a 10 to 40~ (w/w) sucrose gradient and centrifuged at 100000 g for 90 min at 4 °C. The peak virus fraction was harvested and pelleted. The virus pellet was dissociated in radioimmunoprecipitation (RIP) buffer (10 mM-Tris-HC1 pH 7.4, 150 mM-NaCI, 1~o sodium deoxycholate, 1~ Triton X-100, 0.1 ~ SDS, 1 mM-PMSF) and incubated with the MAb for 16 h at 4 °C. A suspension of Affi-Gel Protein A (Bio-Rad) was then added and the mixture was incubated for 1 h at 37 °C. After low speed centrifugation, the pellet was washed twice with RIP buffer and resuspended in SDS disruption buffer (10 mMTris-HCl pH 8.0, 1 mM-EDTA, 1 ~ SDS, 5~ 2-mercaptoethanol, 10~ glycerol). The sample was boiled for 3 rain and separated by 15~o SDS-PAGE. The gel was immersed in Amplify (Amersham) and then dried before it was exposed to X-ray film.
Western blot analysis. Vero and C6/36 cells infected with DEN-4 virus at an m.o.i, of 1 were incubated for 24 h at 37 °C and 28 °C respectively. The cells were lysed in SDS disruption buffer and separated by 15~ SDS-PAGE and transferred onto nitrocellulose membranes. The MAb-reactive antigen was detected by the PAP staining method.
Serological tests. Immunological reactivities of the MAbs were examined by haemagglutination inhibition (Clarke & Casals, 1958) , complement fixation (Sever, 1962) and neutralization tests (Okuno et al., 1978) .
RESULTS
Detection of DEN-4-specified antigen in the nucleus
In a series of fusion experiments many hybridoma cell lines secreting specific antibodies were obtained. Of these, a unique MAb designated TOE1-E7, stained at a few spots in the nucleus and with a dispersed pattern in the cytoplasm, whereas anti-DEN-4 HMAF and other MAbs obtained stained only the cytoplasm of DEN-4-infected cells by the PAP method. appeared to be the nucleoli (Fig. 1 a, b, c and d) . In Vero cells, the virus-specified antigen in the nucleus and cytoplasm was detected as early as 6 to 7 h after the infection with DEN-4 (data not shown). Mock-infected cells were stained with neither the M A b nor the anti-DEN-4 H M A F . The M A b TOE1-E7 was found to belong to the IgG2a subclass and showed no activity in haemagglutination inhibition, complement fixation and neutralization tests using the DEN-4 virus (data not shown).
Effect of actinomycin D on the accumulation of intranuclear antigen
To confirm that the MAb-reactive intranuclear antigen was not a cellular gene product, DEN-4-infected Vero cells were cultured in the presence of various concentrations of actinomycin D and the PAP staining patterns of the cells were examined. The intranuclear antigen was detected in the presence of 1.0pg/ml actinomycin D (Fig. 2d) , at which concentration most of the cellular protein synthesis was inhibited (Shapiro et al., 1971 ; Trent & Naeve, 1980) . However, the localization of the antigen had changed to a dispersed pattern throughout the nucleus (Fig. 2d) . DEN-4-infected cells at lower actinomycin D concentrations (0-2 txg/mlor 0.04 l.tg/ml) showed less localized staining patterns (Fig. 2b, c) . At 0.008 gg/ml (Fig.  2a) or less, a negligible effect on the antigen localization was observed. These results indicated that the intranuclear antigen was a viral gene product and that actinomycin D had an effect on the accumulation pattern of the virus-specified antigen in the nucleus, possibly corresponding to the disintegration of the nucleoli caused by actinomycin D (Schoefl, 1964) .
Radioimrnunoprecipitation analysis
To find whether the MAb-reactive antigen was a structural or non-structural protein, radioimmunoprecipitation analysis of isotope-labelled, sucrose gradient-purified DEN-4 virions was carried out. The result showed that the MAb reacted immunologicaUy with a structural protein which migrated to the region corresponding to Mr 15.5K. This Mr coincides with that of the DEN core protein reported by Stollar (1969) (Fig. 3) .
Western blot analysis
The MAb-reactive antigen prepared from the infected mammalian and insect cells was further examined to see whether the electrophoretic mobility observed on radioimmunoprecipitation analysis would coincide with the result obtained by Western blot analysis. DEN-4-infected Vero cells and similarly infected C6/36 cells produced a band with an Mr of 15.5K reactive to the MAb (Fig. 4, lanes 1 and 2) but the mock-infected Vero and C6/36 cells did not (Fig. 4, lanes 3 and 4) , indicating that both the mammalian and insect cells produced the MAbreactive antigen with the same Mr of 15.5K from DEN-4 virus infection. The result corresponded well with that obtained by radioimmunoprecipitation analysis. Furthermore, Western blot analysis of the nuclear fraction prepared from infected Vero cells also showed a 15-5K band that reacted with the MAb (data not shown), indicating that the virus-specified antigen in the nucleus was not modified and therefore identical with the antigen in the cytoplasm. 
Antigenic cross-reactivity of the MAb
The cross-reactivity of the MAb was examined utilizing Vero cells infected with D E N -I , -2, -3, -4 and JE viruses by the PAP staining method. Only DEN-l-infected cells were stained with the MAb in a pattern similar to that of the DEN-4-infected cells (Fig. 5) . Western blot analysis showed that the MAb-reactive DEN-1 antigen exhibited the same electrophoretic mobility as that of the DEN-4 antigen (Fig. 6 ). 
DISCUSSION
With the use of a MAb, TOE l-E7, we observed the accumulation of a DEN-4 virus-specified antigen in the nucleus as well as in the cytoplasm of DEN-4 virus-infected cells by the PAP staining method. The distribution of the MAb-reactive antigen was diffuse in the cytoplasm whereas localized to form spots in the nucleus. When the infected cells were cultured with actinomycin D (1-0 p-g/ml), the staining in the nucleus changed to form a dispersed pattern whereas the cytoplasmic pattern was not altered markedly. Schoefl (1964) reported that in the presence of actinomycin D (1.0 gg/ml), nucleolar RNA content decreased progressively and after 7 h nucleoli had disintegrated. Judging from the appearance of the spots stained and the effect of actinomycin D on the staining pattern observed in the nucleus, the site of accumulation of the MAb-reactive antigen was inferred to be the nucleolus.
Radioimmunoprecipitation analysis of the isotope-labelled, partially purified DEN-4 virions, using the MAb and Affi-Gel Protein A, revealed that the MAb, TOE1-E7, was directed to the core protein of the DEN-4 virus. These results indicated that this protein was transported soon after its synthesis in the cytoplasm into the nucleus and then accumulated at the nucleoli. It is interesting that the MAb also stained DEN-l-infected cells with the same pattern as that of DEN-4-infected cells, indicating that the DEN-1 core protein also moved into the nucleus. The mechanism of the migration of the DEN-4 core protein into the nucleus is not clear. It has been reported that the simian virus 40 T antigen has a unique amino acid sequence which plays an important role in the transportation of the T antigen into the nucleus (Kalderon et al., 1984) . Although this sequence is not found in the reported DEN-4 core sequence (Zhao et al., 1986) , such a signal sequence might be present within the core protein. Another possibility is that because the core protein is extremely basic (Trent, 1977) and has affinity with nucleic acid, it may move into the nucleus during the mitotic phase when the nuclear membrane is not formed. In the case of influenza virus-infected cells, four virus-specified proteins have been found in the nucleus. One of them has been identified as a nucleocapsid protein which takes part in the virusspecific RNA transcription (Jackson et al., 1982) . The nucleocapsid of poliovirus, another virus with positive sense RNA, was also reported to accumulate in the nucleus of infected cells (Anzai & Ozaki, 1969) . In the case of flaviviruses, it is not clear whether the intranuclear viral core protein plays any role in replication. Cytochalasin B-enucleated cells inhibited the replication of JE virus (Kos et al., 1975) . Electron microscopic observations of JE virus-and St Louis encephalitis virus-infected cells revealed the existence of virus-like (presumably precursor) particles in the nucleus of infected cells (Yasuzumi et al., 1964; Murphy et al., 1968) . If the DEN core protein in the nucleus is involved in the virus development, it will act in a different way from that of the influenza virus nucleocapsid protein. Further study is necessary to define the role of the intranuclear virus-specified antigen in the development of flaviviruses.
